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SUMMARY AND CONCLUSIONS

Summary., The objective of the experiments described here was to
test the concept of using point volume sources in a plane array to pro-
duce a plane shock wave in water that would simulate the shock wave from
a nuclear explosion. The point volume sources were designed to produce
gas volume at a constant rate, thereby producing a uniform shock wave.
The volume sources consisted of a high pressure reservoir of explosive
product gases, and an orifice area that increases with time as the
pressure in the reservoir decreases, to maintain a constant rate of
volume generation at each source. The tests showed that the point-source-
to-plane-wave concept is valid. However, the waves from the point sources

did not superimpose linearly due to interaction of the bubbles.

The tests were conducted over a period of 3 weeks, consisting of
1 week for preparation and 2 weeks for testing. This includes the time
for assembly of 100 valves from the basic parts, assembly of the valves
and pipes into an array, installation of the explosive, and firing of
2 full array tests (100 point sources) and 7 auxiliary tests. The team
consisted of 3 full-time UERD technicians and 5 support technicians who
helped from time to time, a UERD engineer, and an engineer and technician
from SRI.

In the performance of the tests, the following operational aspects

went well:

® Valves were assembled quickly and efficiently.

® Arrays were assembled with minimum trouble.

® The array was easy to load with explosive and to detonate.

The following problems were encountered:
® Most of the valves needed reconditioning between tests, It was
found that the explosion products mixed with water to form a
waxy substance that tends to inhibit the motion of- the piston
that controls the orifice area. The return spring was not strong
enough to push the piston back consistently, especially with the
residue from the explosive impeding piston motion. This can be
corrected in part by using a stronger spring, but elimination

or reduction of the residue is necessary for efficient repeat e
testing. :
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® The pins that hold the baffle plate in place were too short -
when ‘screwed in they provided minimal resistance to motion of
the baffle plate. This can be remedied by making the pias
longer.

The O-ring between the baffle and base plate was blown out on
several valves, allowing water to leak into the array pipes.
To prevent this, the O-ring grooves should be made deeper.

® About 15% of the rubber bladders folded back on themselves pro-
viding a large leak path for water to enter the array pipes.
This could be prevented by making the bladders longer.

A manufacturing error led to the valves not seating in the proper
initial position, giving an initial orifice area that was one-
third greater than the design area. This produced a perturbation
on the pulse shape, but did not affect the overall outcome of the
tests.

Some of the reservoir pipes failed below the design loads. The
design loads for the reservoir pipes were based on extensive
explosive tests of the pipes in air. The pipes were of high
strength steel and the strength is sensitive to the heat treat-
ment. It was found that the design loads can be carried for
pipes with a hardness of 34 to 38 Rc' The pipes used in the
array tests were found to have a hardness of 40 Rc'

All of these problems, except possibly the residue from the explosive
products, have a direct solution that, we believe, can be readily imple-
mented. Successful implementation of the design modifications suggested
above will make the array pipes and valves more watertight and thereby

reduce the effect of the residue from the explosion products.

Conclusions. The array tests were carried out successfully within a
reasonable period of time and the measurements show that plane shock waves
were obtained (Figure 19). The nonuniformity in the wave is attributed
to the source characteristics and can be reduced to an acceptable level

by adjusting the area-time relation of the orifice (Figure 20.

Further refinement of the valving techniques described in this
report should be deferred until the current work with coiled-charge

point volume sources has been evaluated (see Preface).

Should the array technique be developed further, a pipe of about
two feet in diameter should be used instead of arrays. This would greatly

reduce the cost and time involved.




PREFACE

This report describes the culmination of a developmental program
started in 1973. The goal of the program was to develop a shock curtain
that would produce a plane underwater shock wave that could be used to
determine the equipment damage that submarines and submarine components
are likely to suffer in nuclear explosions. As indicated in this report,
a practical shock curtain was developed that is suitable when the number

of tests is high enough to justify the hardware investment.

During the final tests of the shock curtain, the concept of a chock
block consisting of strands of explosive extending normal to the desired
shock front was conceived at the Navy's Underwater Explosive Research
Division (UERD). This concept was tested and it was found that the inter-
action between adjacent strands resulted in cooling of the explosion
product gases, thus severly restricting the pulse durations obtainable.

To eliminate the quenching problem, it was proposed that the strands of
explosive be wound into a coil to be used as point volume sources in
place of the valves used in the shock curtain development. This would

provide an attractive alternative to the shock curtain.
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Conversion factors for U.S. customary
to metric (SI) units of measurement.

To Convert From To Multiply By
angstrom meters (m) 1.000 000 X E -10
atmosphere (normal) kilo pascal (kPa) 1.01325 XE +2
bar kilo pascal (kPa) 1.000 000 X E +2
barn meter? (m?) 1.000 000 X E -28
British thermal unit (thermochemical) joule (J) 1.054 350 X E +3
calorie (thermochemical) joule (J) 4.184 000

cal (thermochemical)/cm2

curie

degree (angle)

degree Fahrenheit

electron volt

erg

erg/second

foot

foot-pound -force

gallon (U.S. liquid)

inch

jerk

joule/kilogram (J/kg) (radiation dose
absorbed)

kilotons

kip (1000 Ibf)
kip/inch? (ksi)
ktap

micron

mil

mile (international)

ounce

pound -force (Ibs avoirdupois)
pound -force inch

pound -force /inch
pound-lorceﬂootz
pouncl-loree/inch2 (psi)

pound -mass (Ibm avoirdupois)
pound -mass -foot2 (moment of inertia)

pound -mass /loot3

rad (radiation dose absorbed)
roentgen

shake

slug
torr (mm Hg, 0° C)

mega jcl!ule/m2 (MJ/mz)
*giga becquerel (GBq)
radian (rad)

degree kelvin (K)
joule (J)

joule (J)

watt (W)

meter (m)

joule (J)

meter3 (ms)

meter (m)

joule (J)

Gray (Gy)
terajoules
newton (N)
kilo pascal (kPa)

nevnon-sgcmd /m2
(N-8/m*®)

meter (m)
meter (m)
meter (m)
kilogram (kg)
newton (N)
newton-meter (N.m)
newton/meter (N/m)
kilo pascal (kPa)
kilo pascal (kPa)
kilogram (kg)
kilogram -meter
(kg -m?)
kllognm/metars
(kg /m3)

**Gray (Gy)
coulomb /kilogram
(C/kg)
second (8)
kilogram (kg)
kilo pascal (kPa)

4.184 000 X E -2
3.700 000 X E +1
1.745 329 X E -2

te= (t°f+ 459.67)/1.8
1.60219 XE -19
1.000 000 X E -7

1.000 000 X E -7
3.048 000 X E -1

1.355 818

3.785412 XE -3

2.540 000 X E -2

1.000 000 X E +9

1. 000 000

4.183

4.448 222 X E +3
6.894 757 X E 43

1.000 000 X E +2
1.000 000 X E -6
2.540 000 X E -5
1.609 344 X E +3
2.834 952 X E -2
4. 448 222

1.129 848 X E -1
1.751 268 X E +2
4.788 026 X E -2
6.894 757

4.535 924 X E -

-

4.214 011 XE -2

1.601 846 X E +1
1.000 000 X E -2

2.579 760 X E 4
1.000 000 X E -8
1.459 390 X E +1
1.33322 XE -1

*The becquerel (Bq) is the SI unit of radioactivity; 1 Bq = 1 event/s.
**The Gray (Gy) is the SI unit of absorbed radiation.

A more complete listing of conversions may be found in "Metric Practice Guide E 380-74, "

American Society for Testing and Materials.
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I INTRODUCTION

Background

Damage to submarines from nearby explosions is generally divided
into two types: hull damage and equipment damage. Hull damage consists
of damage to the basic structure of the submarine and affects overall
seaworthiness. Equipment damage encompasses damage to machinery, weapons,
propulsion, components, and other items that are not part of the basic
hull structure. It affects primarily mobility and fire power capabilities,
vhich determine mission effectiveness. For shallow depths, submarine
survivability under nuclear attack is currently limited by equipment
damage. Moreover, since equipment tends to become more complex as time
goes on, this situation is not likely to change. Therefore, as long as
submarines continue to grow in importance as part of the strategic force,
economical methods for testing the vulnerability of submarines to equip-
ment damage and for specification testing of new equipment will become

increasingly important.

In the engulfment of a submarine by an underwater shock wave from
a nuclear explosion, the submarine is accelerated and reaches 907% of
the water particle velocity by the time engulfment is complete.1 Thus,
testing a submarine for equipment damage from nuclear attack requires a
volume of water somewhat larger than the submarine, moving at an approxi-

mately uniform velocity.

Conventional methods for testing submarines or large components of
submarines for equipment damage from nuclear attack use large underwater
chemical explosions and rely on geometric divergence to reduce the in-

tensity of the shock wave to the desired level and obtain a wavefront

1
R. D. Mindlin and H. H. Bleich, "Response of an Elastic Cylindrical
Shell to a Transverse, Step Shock Wave,'" J. Appl. Mech., 189 (June 1953).
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flat enough to simulate a shock wave from a nuclear explosion. Since
only a small fraction of the wavefront area is used, most of the energy

of the explosive is wasted.

Objective

The objective of the work described in this report was to develop
and test an alternative method for producing underwater shock waves
with nuclear characteristics for testing submarines or large components
of submarines for equipment damage. The method uses controlled venting
of explosive gases over a vertical plane in the water to produce a plane
wave of the required intensity, area, and duration. Since it does not
rely on geometric divergence, the amount of explosive required is less
than that required by conventional methods. This reductior in explosive
greatly reduces the environmental disturbance. Hence, tests can be per-
formed in more convenient locations, simplifying personnel support and
instrumentation problems. In addition, turnaround time and overall cost

are less.

Approach

The method we used to produce plane underwater shock waves involves
a plan array of volume sources, spaced close enough together that the
waves from the individual volume sources coalesce to produce a plane
wave before reaching the test object, as shown in Figure 1. The de-
velopment consisted of three phases: a preliminary study to determine
geometric and physical restrictions and to set performance standards; a
developmental program to design, build, and test a single volume source
that met the performance standards; and a field test program to construct

and test a small array of volume sources.

10




POINT VOLUME SOURCES
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FIGURE 1

MA-2553-44A

PLANE WAVE GENERATED BY AN
ARRAY OF POINT VOLUME
SOURCES
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The preliminary study was performed early in the program and re-

sults were presented in an interim report.? The following geometric

b _onie MR- 4

and physical restraints and performance requirements for the array con-
cept were determined:

® If D is the engulfment distance (target diameter),
the resulting minimum standoff distance is d = D/2
| (see Figure 2). The minimum standoff distance is
determined by the engulfment time during which the
wave should be uniform.”™ This requires that the
standoff distance be large enough that the reflected
wave from the test object cannot travel to the array
and back to the test object before engulfment is
complete. For a 30-foot diameter, the engulfment time
is 6 ms.

The array must extend beyond the model by 3.5 standoff
distances to eliminate the edge effects, as shown in
Figure 2. For a submarine with D = 30 feet, the verticle
dimension L of the array is 105 feet.

To produce a plane wave with uniform pressure and
particle velocity for the desired pulse duration, each
point source must produce volume at a constant rate for
the desired duration.

To make the point source technique practical, each point
source must be inexpensive and expendable or it must be
reusable without performing major maintenance or repair
between experiments.

2G. R. Abrahamson, D. J. Cagliostro, and C. M. Romander, "Simulation of
Underwater Shock Waves from Nuclear Explosions,' Interim Report for
Period 26 March 1973 to 31 October 1974, Contract DNA001-73-C-0208
(November 1974).

*At the onset of the program it was assumed that a wave that is uniform
during engulfment and that has a gradual decay would be adequate for
most applications, since the hull achieves 90% of the water particle
velocity during engulfment. For equipment with response times longer
than one engulfment time, waves of longer duration would be required.

12
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The key physical requirement is that each point source of the array
must produce volume at a constant rate. To accomplish this, we used
controlled venting of explosion product gases. The explosive is detonated
to produce a reservoir of high pressure gas, which is allowed to flow
into the water in such a way that volume is generated at a constant rate.
Because the pressure in the reservoir decreases as gas escapes, the
orifice through which the gases escape must increase with time, as in-
dicated in Figure 3, Devising a suitable means of increasing the orifice
area as the pressure decreases in the reservoir was the major design
problem in this work. (See Appendix A for a detailed discussion of the

development.)

Figure 4 shows the final design of a practical orifice control valve
for use in an array. The valves are connected to reservoir pipes on the
left. The explosive gases inside the reservoir pipes enter the valve
from the left and push on the piston. Slots machined in the wall of the
piston allow for gas exhaust. The gas initially exhausts through the
narrow part of the slot in the piston wall and through the annular
opening in the valve wall. As the piston moves to the right, the exhaust

area increases.

The motion of the piston is controlled by a fluid-orifice system.
As the piston moves, it forces fluid (oil) through several orifices in
the orifice plate. The motion of the piston is controlled by adjusting
the size of the orifices. After passing through the orifice plate, the
fluid compresses a volume of closed-cell foam until the piston comes to
rest. Then a spring in the fluid chamber expands and pushes the piston
back to its original position, and the foam expands and displaces the
fluid back into the fluid chamber. At this point, the valve has returned
to its original condition and is ready for another test. This recocking

feature makes the valve practical.

14
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To demonstrate the operation of the valve on a laboratory scale,
experiments were conducted in a 22-foot-long, 6-inch-diameter steel pipe
as shown in Figure 5. This pipe simulates a long, narrow column of
water perpendicular to an array of these valves. Therefore, the pulse
shape measured in the pipe will be similar to the pulse expected from
an array but the amplitude will be greater. The valve was connected to
a 2-foot-long, 2-inch-diameter pipe containing 2-foot-long charges of
Primacord. The valve and connecting pipe were placed in the breech end

of the 6-inch-diameter pipe.

Figure 6 shows a pressure record made approximately 6 feet from the
valve (8.1 feet from the breech). The pressure from the source (400 grains
of explosive) rises suddenly to a peak pressure of about 900 psi (62 bars)
and remains nearly constant for 6 ms, after which a relief wave from a
free surface at the downstream end of the pipe arrives at the measurement
point, reducing the pressure to one atmosphere. This pressure exceeds
the useful level of the array. Although the explosive charge is reasonable
for the pipe and valve, the cross-sectional area of the 6" pipe is about
16 times smaller (charge density about 16 times larger) than expected for
a 2-foot source spacing. By scaling the charge density to prototype
dimensions and using calibration data for the explosive obtained in
previous work, 253 we would expect a charge density of 6.5 grains/ft? and
a peak pressure of 260 psi. Results of additional experiments of this
type are given in Appendix A.

The final phase in the development of the array concept to produce
plane underwater shock waves was to test an array of point sources. The
remainder of this report describes the array test using the valves de-

scribed above.

. 0 Cagliostro, A. L. Florence, G. R. Abrahamson, and G. Nagumo,
"Characterization of an Energy Source for Modeling Hypothetical Core
Disruptive Accidents in Nuclear Reactors,'" Nuclear Engineering and
Design, 27, 94-105 (March 1974).
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FIGURE 6

CHARGE = 400 grains
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P at 8.1 feet

(6 feet from valve)
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IT EXPERIMENTAL ARRANGEMENT

To demonstrate the array technique for producing plane shock waves
in water by superposition of spherical waves from point sources, we
tested a 10 x 10 array of point sources spaced uniformly at 2-foot
spacing (100 point sources in a 20 foot x 20 foot array), as shown in
Figure 7. The primary objectives of the test (UERD Shot No. 8820) were
to:

(1) Validate the point-source-to-plane-wave concept.

(2) Evaluate the overall system in terms of practical utility.

(3) Determine any changes needed in the orifice area-time relation. 3

The arrangement of Figure 8 was used to detonate the explosive.
This detonation scheme produces a plane wave that is tilted from the

array, as shown in Figure 9.

The instrumentation layout for the main test is shown in Figure 10.
One line of transducers extends along the central normal of the array,
and a second line extends out to one side. In all, there were 12 pressure
transducers* and 2 velocity meters.+ All the instrumentation work was
done by UERD personnel under the direction of Mr. John Gordon. Excellent

data were obtained.

In addition to the main test, several auxiliary tests were performed.

These were:

(1) A single valve test to obtain the pulse shape for one source
(Test 8815). A check on the valve operation was made by com-
paring data from this test with results from a similar test
performed during the developmental program. The pressure
pulse from a single source provides data for use in super-
position calculations.

*
Tourmaline Crystal gage manufactured by the Naval Surface Weapons Center

TMagnetic field device designed and built by UERD.
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(2) A single line element test (Test 8819). This element
consisted of 10 valves connected to a 20-foot-long array
pipe. This test was designed to evaluate handling and
operational procedures and to provide data for a simple
case to check superposition.

(3) A series of bare Primacord experiments designed to
evaluate an alternative shock generation technique (shock
block, Tests 8821, 8822, 8825, and 8826).

All the test results are contained in a report by UERD.* 1In

addition, UERD filmed key tests.

“J. D. Gordon, "Shock Curtain Evaluation Test Results,' UERD Report to
DNA, Serial No. 1770-128 (11 November 1976).
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I1I ARRAY TEST RESULTS

The pressure records from the main array test for the gage line
extending along the central normal to the array are shown in Figure 11.
The records are arranged in order of decreasing distance from the ‘array.
The spacing of the records is proportional to the spacing between gage

locations. Time is measured from the start of detonation.

The pressure records show an initial rise, followed by a decay and
a second rise, and then a final decay. The rise time to the initial
peak is about 0.5 ms for all records. The rise time and two-peak
characteristic are related to the pulse shape for the individual sources;

*
this is discussed below (Figure 21).

As indicated in Figure 11, the wavefront arrival times correspond
to a wave velocity in water of 5000 ft/s (1525 m/s), in agreement with

the handbook value.

The line labeled '"rarefaction arrival time" is the time at which
the first edge rarefaction arrives at the gage location. The calculation
for the arrival of the first rarefaction is given in Appendix B. The
time between the arrival of the wavefront and the arrival of the edge
rarefaction decreases with distance from the array, as expected. As
indicated in Table 1 and Figure 12 (solid line), this difference ranges
from 1.035 ms for the gage 4 feet from the array, to 0.209 ms for the
gage 16 feet from the array. The wave should be plane between the time
of arrival of the wave and the time of arrival of the first edge

rarefaction.

Arrival of surface cutoff is denoted by the arrows labeles ts in
Figure 11. (See Appendix B for surface cutoff calculations.) Surface
cutoff always arrives after the edge rarefaction. No distinguishable
feature of the pulse shape appears to be related to surface cutoff

arrival.

*

As indicated in the discussion of Figure 21 (page 42), it appears
possible to improve the pulse shape to obtain a more nearly uniform
pulse, which would be more representative of the desired shape.
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Table 1

Time Interval Between Wavefront

Arrival and Edge Rarefaction Arrival

Distance At

Gage from Array P
Location (ft) (ms)
1 1.035
2 0.812
3 8 0.629
4 10 0.490
5 12 0.349
6 14 0.276
7 16 0.209
8 10 0.493
9 10 0.492
10 10 0.481
11 10 0.251
12 10 0.088
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Another way to determine plane wave duration is from the time
interval over which the plane wave relation p = pcv applies, where
p is pressure, p is density, c is sound velocity, and v is particle
velocity at corresponding times. Figure 13 illustrates this method
for the gage located 16 feet from the array (PE-7). The upper record
in Figure 13 is the pressure and the lower record is the velocity. The
ratio p/pcv at various times is given in the plot at the bottom. From
the two straight lines in the figure we find that the plane wave relation
is valid until about 6.1 ms. Figure 14 gives the same illustration for
the gage located 10 feet from the array (PE-4). These are the only two
gage locations along the central normal at which both pressure and

velocity were recorded.

The velocity records of Figures 13 and 14 show a long-duration
after-flow, during which the pressure is essentially zero. This after-
flow would provide only a low pressure drag with a magnitude comparable

2

to pv-, instead of the pressure pcv of a shock front.

The plane wave duration from the plots at the bottom of Figures 13
and 14 are indicated in the pressure and particle velocity records of
Figures 13 and 14 along with the arrival time for the edge rarefaction.
For both gage locations, the plane wave duration obtained from the plots
is substantially longer than indicated by the arrival of the edge rare-
faction. This is attributed mainly to the finite rise time of the pulse
from an individual source; the arrival time for the edge rarefaction
is the earliest time that the missing line sources at the edge can be
felt.

The plane wave duration from the plots of Figures 13 and 14 are
plotted in Figure 12 (dashed line), along with the duration calculated
from the arrival of the edge rarefaction. From Figure 12 we see that the
plane wave durations from Figures 13 and 14 are about 1 ms, which is
twice the rise time of the pulse. These results indicate that the effect
of edge rarefactions on plane wave duration depends on the rise time of

the pulse, as would be expected.
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The pressure records for the gage line running parallel to the
array at a location 10 feet from the array are shown in Figure 15. As
before, the spacing of the records is proportional to the spacing be-
tween gage locations. The record at the bottom of Figure 15 is the
same as that at the middle of Figure 11. The records show the same

general character as the records of Figure 11.

In Figure 15 we again show wavefront arrival time and rarefaction
arrival time (calculated as indicated in Appendix B). Here we see that
the time inverval between wavefront arrival time and rarefaction arrival
time is approximately constant for the bottom three records and then
falls off rapidly for the top two records. This time interval, plotted

in Figure 16, is about 0.5 ms for the central gages.

Determination of the plane wave duration from the relation p = pcv,
as done above fo: the gages along the central normal, results in the
plots shown in Figures 17 and 18. Again we see that the plane wave
duration determined from p = pcv is substantially greater than indicated

by rarefaction arrival.

From the preceding discussion we conclude that the array of point
sources produced a plane wave with a duration, determined from the
plane wave relation p = pcv, of about 1 ms along the central normal and
longer at gage locations 9 and 12. The longer durations at gages 9 and
12 are not understood; they should be shorter than along the central

normal.

Figure 19 shows the predicted relation between charge areal density
and pressure and particle velocity that was developed from calibration
tests from previous work.2s3 In the array test, the charge loading density
was 200 grains/ft. This corresponds to a charge areal density of
6.5 grains/ft?, To determine the expected velocity and pressure from
Figure 19, we first draw a horizontal line for an areal density of
6.5 grains/ft? over to line A. The abscissa value of the intersection

of 4 ft/s is the corresponding velocity. The pressure is found by
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